Abstract. Two experiments using a number matching task (NMT) explored whether two-digit numbers are processed holistically or in a compositional fashion. In the NMT participants are required to decide whether one of the two numbers initially provided (cues) is presented some milliseconds later or not (probe). Probes which have some arithmetic relationship to the cues (e.g., cues: 2 3, probe: 6) are rejected more slowy than probes unrelated to their cues (e.g., cues: 2 3, probe: 7) -interference effect -, and this is considered as evidence of the automatic activation of that arithmetic relationship. Participants were presented with two-digit cues and probes which had an arithmetic progression relationship only detectable once the numbers were decomposed (Experiment 1: cues: 56 7, probe: 89; Experiment 2: cues: 45 67, probe: 89). Results showed longer response times in these conditions compared to unrelated conditions. Data support componential processing even when the numbers to be matched are presented serially.
In the last decade there has been a great controversy regarding whether two-digit numbers are processed compositionally (i.e., each digit pair being processed separately as a decade digit and a unit digit) (e.g., McCloskey, 1992; Zhang & Wang, 2005) , holistically (i.e., each digit pair being processed as one number) (e.g., Brysbaert, 1995; Dehaene, Bossini, & Giraux, 1993; Reynvoet & Brysbaert, 1999) , or both (e.g., García-Orza & Perea, 2011; Nuerk, Weger, & Willmes, 2001; Verguts & De Moor, 2005; Zhou, Chen, Chen, & Dong, 2008) . As the evidence accumulated, the focus of the debate changed from the initial question to explore the conditions in which holistic or decomposed processing occurs. Within this perspective two factors seem to be highly relevant in the way two-digit numbers are processed: (1) the characteristics of the stimuli and (2) the way those numbers are presented.
Regarding the stimuli, it has been observed that it is easier to find compositional effects when, together with between-decade trials (e.g., 23 56), within-decade trials (e.g., 23 27) are included in the experiments (Nuerk & Willmes, 2005 , for a review).
With respect to the way two-digit numbers are presented, it has been suggested that holistic processing is favored when, in comparison tasks, a given number has to be compared to a standard presented serially some seconds before (and therefore represented internally), compared to situations where the standard is presented together with a probe (an external representation; see Zhang & Wang, 2005 ; but see Moeller, Nuerk, & Willmes, 2009) . Indeed, some experiments that used tasks where the numbers to be compared were presented serially have found support for the holistic view (e.g., Brysbaert, 1995; Zhou et al., 2008) , while those that used simultaneous presentations have found support for the compositional hypothesis (e.g., Nuerk et al., 2001; Verguts & De Moor, 2005) . Zhou and colleagues (2008) directly manipulated the presentation conditions in a number matching task (NMT). Using two-digit numbers, they found distance and magnitude effects for unit digits when the numbers to be compared were presented simultaneously (Experiment 2), but they did not find evidence for distance, magnitude, or Spatial-Numerical Association of Response Codes (SNARC) effects for unit digits when the presentation was serial (Experiment 1). They concluded that simultaneous presentation leads to decomposed processing, whereas serial presentation leads to holistic processing (for similar results using the compatibility effect, see Ganor-Stern, Pinhas, & Tzelgov, 2009 ). There are, however, some limitations to these studies: in serial presentation they report unit-based null effects that might be caused by the use of nonsensitive enough measures (SNARC, etc.) even though a decomposition process had taken place (see Nuerk, Moeller, Klein, Willmes, & Fischer, 2011 (this issue) , for more detailed arguments on this topic). Additionally, the serial presentation implies a comparison with an internal standard, and Moeller et al. (2009) found evidence for compositional processing in such condition.
Hence, the present research aims to explore compositional processing under circumstances that are not very favorable to find compositional processing using: (1) stimuli that differ both in the decade and the unit position and (2) serial presentation. We believe that the use of a perceptual NMT and an interference paradigm can shed some light on how two-digit numbers are represented.
In the NMT employed in the following experiments a pair of numbers (from now onwards, cues) is briefly presented. After a variable delay, they disappear and a probe number is presented. Then, the participant has to decide whether the probe was one of the cues (matching condition) or not (non-matching condition). The relationship between the cues and the probe in the non-matching condition can be manipulated in several ways, for example, by a sum relationship (cues: 3 4, probe: 7). Using the appropriate controls, the non-matching related condition is compared to the nonmatching unrelated condition (e.g., cues: 3 4, probe: 6). Literature has shown that when there is a simple arithmetic relationship between the cues and the probe (excluding subtraction), participants take longer (i.e., interference effect) in rejecting those items than in rejecting unrelated items (Galfano, Rusconi, & Umiltá, 2003; LeFevre, Bisanz, & Mrkonjic, 1988; Rusconi, Galfano, Rebonato, & Umiltá, 2006; Thibodeau, LeFevre, & Bisanz, 1996) . Additionally, unpublished data from our laboratory have shown that similar interference effects arise when probes and cues are related by an arithmetic progression (cues: 5 6, probe: 7). The interference effect in the NMT is usually explained as follows (e.g., see Rusconi et al., 2006) : when perceiving the cues, activation spreads automatically from those numbers along the links in the networks of (some) arithmetic facts, thus preactivating a series of numbers related to the cues. When one of those related numbers is presented as a probe, participants take longer to decide that it was not present in the initial pair (interference effect) because it has indeed been recently activated. Since an interference effect is expected only when the probe is automatically activated by the cues, the appearance of interference (compared to the unrelated condition) is interpreted as a proof of automatic activation of the probe from the cues.
In the present experiments the NMT is used to test whether two-digit numbers are automatically processed in a compositional way in a serial presentation mode. In the non-matching related condition we used sets of cues and probe which, once decomposed, formed an arithmetic progression with common difference 1 (e.g., cues: 56 7, probe: 89, these stimuli form the series 5 6 7 8 9 when they are decomposed). An interference effect will arise if participants detect (consciously or not) that an arithmetic progression between cues and probe exists. In our example, the processing of 5 6 7 will activate 8 and 9 and then when the probe 89 is presented it would take more time to decide that it has not been presented as a cue, compared to another probe, e.g., 91. Note that the arithmetic progression relationship can only be detected if two-digit numbers are processed automatically in a decomposed fashion.
In two-digit number processing it seems reasonable to think that even if a compositional representation exists, it might be short lived, being substituted later by a holistic representation (see Zhou et al., 2008) . However, at present there is no evidence regarding this question. We believe the NMT may provide not only a sensitive measure of compositional processing (interference effect), it may also allow us to explore the time course of the activation of the constituent digits. The interference effect in the NMT is based on the automatic activation of arithmetic relationships, hence, during the time window that characterizes automatic processing (i.e., the first 250 ms, see Neely, 1991) it can inform us about the numbers represented when two-digit numbers are being processed. Hence, with the aim of exploring the time course of two-digit representations in this task, two different stimulus onset asynchronies (SOAs; 144 and 240 ms) were employed.
Experiment 1
In Experiment 1 we presented participants with items related (once decomposed) by an arithmetic progression (cues: 23 4, probe: 56; or cues: 2 34, probe: 56) and unrelated items (cues: 23 4, probe: 61; or cues: 2 34 probe: 61). According to the decomposition hypothesis, participants were expected to show longer response times in related compared to unrelated items (i.e., an interference effect).
Participants
Forty-one undergraduate students from the University of Malaga received course credits for participating in the experiment. They ranged in age between 18 and 23 years and none of them had special problems with mathematics as stated in a survey conducted at the beginning of the experiment.
Materials
Each trial included an initial pair of numbers (cues) and a subsequent number (probe). Forty-eight trials were presented: 24 matching pairs (e.g., cues: 56 7, probe: 56) and 24 non-matching pairs (e.g., cues: 56 7, probe: 84). In this last condition, eight trials were related by a one-digit arithmetic progression of common difference 1 (e.g., cues: 56 7, probe: 89), eight trials were non-related, they had the same cues as the related trials and the probe was equal to the probe of the related trials ± 5 (e.g., cues: 56 7, probe: 84). Finally, there were eight filler trials that had one-digit numbers as probes (e.g., cues: 57 61, probe: 4). Importantly, there was no partial overlapping between cues and probe in any item of the non-matching condition. A complete list of the experimental trials is presented in Appendix A.
Procedure
Participants were tested in groups of 4 to 10 in a quiet room. They sat at a comfortable viewing distance from a 17 in. monitor and were provided with detailed instructions emphasizing that they had to decide pressing the right or left shift key, whether a given number (probe) was one of the two previously presented (cues) or not. Presentation of stimuli and recording of accuracy and response times were controlled by Experimental Run Time System (ERTS, Beringer, 1999) . The presentation was designed inspired on Thibodeau et al.'s. (1996) procedure (see also Galfano et al., 2003) . On each trial, a cross was presented for 400 ms in the middle of the screen, the cues appeared thereafter, one next to the other, for 64 ms. A backward mask consisting of a row of five hash marks (#####) was presented next for 48 ms, and a blank screen followed for 32 or 128 ms. Hence the SOA was 144 or 240 ms, respectively. The probe was present till either participants responded or 2,000 ms elapsed. Each character of every stimulus was presented in 1.9 cm high · 1.4 cm wide Arial font, the cues being about 3 cm apart from each other. Reaction times were measured from probe onset until participant's response.
Before the experimental trials, participants were given eight practice trials, four matching and four non-matching, which were similar (but not identical) to the experimental trials. Participants were instructed to respond as fast as possible, but accurately. The assignment of response keys was counterbalanced between participants. All items were presented twice, using both SOAs in counterbalanced blocks, making a total of 96 experimental trials plus 16 practice trials.
Results
Since only the non-matching related and unrelated trials are the critical experimental conditions for assessing our hypothesis (see Galfano et al., 2003; Thibodeau et al., 1996) , all the analyses reported here and in the following experiment refer only to these trials. Five participants with more than 25% of errors in the task or who had failed all trials in one of the experimental conditions were eliminated from the analysis (note that because the cues are flashed for 64 ms only the task is not as easy as it seems). Thirty-six participants remained for the analysis.
RT Data
Response times shorter than 300 or longer than 1,500 ms (approximately 3.3% of all observations (38 cases)) were excluded from the latency analysis. Mean response times and percentages of errors are shown in Table 1 .
Data were subjected to a repeated measures ANOVA with two factors: SOA (144 vs. 240 ms) and trial type (related vs. unrelated). Although response times were shorter with the longer SOA, this difference does not reach significance, F(1, 35) = 2.51, MSE = 22,328.78, p = .12. A significant effect of type of trial was found, F(1, 35) = 7.01, MSE = 1902,230, p = .01, showing that response times were longer in related than in unrelated trials. This trial-type effect was constant for both SOAs, as the interaction between SOA and type of trial was not significant (F < 1).
Accuracy Data
Analyses over the mean proportion of correct responses in the critical trials (92.2%) showed better accuracy in the long SOA, F(1, 35) = 5.62, MSE = 0.17, p = .02, and more errors in the related condition, F(1, 35) = 6.95, MSE = 0.08, p = .01. The interaction was not significant (F < 1).
Discussion
Results in Experiment 1 showed an interference effect in cues-probe stimuli that, if decomposed, were related by an arithmetic sequence. Hence, these results support a componential way of processing. Although the interference effect is numerically bigger at the 144 SOA (22 ms) than at the 240 SOA (16 ms), these differences were not statistically significant, supporting that componential processing is present early and does not decrease with time.
While the results are clear, a possible concern exists which we should not ignore. In this experiment one of the numbers in the cue has always been presented as a two-digit number, and the other as a one-digit number (e.g., 56 7), hence it can be argued that the presentation of one-digit numbers in the cues might facilitate a componential way of processing, that is, participants might focus on the processing of each digit to solve the task. The following experiment is purported to address this concern using always two-digit numbers as cues (e.g., cues: 23 45, probe: 67).
Experiment 2
In Experiment 2 we presented participants with items containing only two-digit numbers. Cues and probe of related items formed an arithmetic progression (with common difference of +1 or À1) once they were decomposed into one-digit numbers (e.g., cues: 23 45, probe: 67; or cues: 76 54, probe: 32). The finding of interference effects in this experiment would show that the effect found in Experiment 1 was not caused by the presentation of one-digit numbers, and, more importantly, they would confirm the automaticity of two-digit number decomposition.
Participants
Twenty-five students from the University of Malaga received course credits for participating in the experiment. They ranged in age between 18 and 26 years and none of them had special problems with mathematics as stated in a survey applied at the end of the experiment.
Materials
As in Experiment 1, 48 trials were built: 24 matching pairs (e.g., cues: 12 34, probe: 12) and 24 non-matching pairs (e.g., cues: 12 34, probe: 56). In this last condition, eight trials were related by a one-digit arithmetic progression of common difference +1 or À1 (e.g., cues: 45 67, probe: 89), eight trials were non-related but had the same cues as the related trials and the mean of the probes was equal to the mean of the probes in the related condition (e.g., cues: 45 67, probe: 92), and eight were filler trials composed of cues and probes that were totally unrelated. There was no partial overlapping between cues and probe in any item of the non-matching condition. A list of the experimental trials is presented in Appendix B.
Procedure
The procedure was exactly the same as in Experiment 1.
Results
Three participants were eliminated from the analysis because of having > 25% errors in the task or having failed all the trials in one of the experimental conditions. Twentytwo participants remained for the analysis.
RT Data
Response times shorter than 300 or longer than 1500 ms (approximately 2.1% of all observations (30 cases)) were excluded from the latency analysis. Mean response times and percentage of errors are shown in Table 1 . Data were subjected to a repeated measures ANOVA with two factors: SOA (144 vs. 240 ms) and trial type (related vs. unrelated). Response times were shorter with the longer SOA, F(1, 21) = 13.6, MSE = 13,165.56, p < .01. A main effect of type of trial arose, showing that response times were longer in related compared to unrelated trials, F(1, 21) = 7.32, MSE = 3,045.64, p = .01. As in Experiment 1 the interaction between SOA and type of trial was far from being significant (F < 1), showing that the trial-type effect was constant in both SOAs.
Accuracy Data
The ANOVA on the mean proportion of correct responses in the critical trials did not show any significant effects (all Fs < 1).
Discussion
Results in Experiment 2 showed an interference effect in numbers related by a one-digit arithmetic progression, even when all numbers presented were composed of two digits. As in Experiment 1, this effect was bigger with the shortest SOA. However, the lack of interaction effects suggests that the way numbers are processed does not change easily with time.
General Discussion
Two number matching experiments examined whether decomposed processing is applied to two-digit Arabic numbers in a NMT using serial presentation. The main findings can be summarized as follows. First, the existence of an arithmetic progression between the constituting numbers of both cues and probes (e.g., cues: 23 45, probe: 67) causes an increase in the time to reject the probe compared to an unrelated control (e.g., cues: 23 45, probe: 71) . This interference effect can only be explained if decomposition processing of two-digit numbers is performed. Second, no differences arose regarding SOA, suggesting that componential processing is a common feature, at least during the initial stages, of two-digit number processing.
The finding of componential processing in these experiments contradicts previous data from Ganor-Stern et al. (2009) and Zhou et al. (2008) ; but see Moeller et al. (2009) . The existence of null effects in Ganor-Stern et al. (2009) and Zhou et al. (2008) regarding componential processing might be due to lack of power. Literature has shown that the findings of componential effects in two-digit number processing are linked to a precise control of the stimuli and of the presentation procedure (see Nuerk & Willmes, 2005 ; see also Mann, Moeller, Pixner, Kaufmann, & Nuerk, 2011 (this issue); Reynvoet, Notebaert, & Van den Bussche, 2011 (this issue) ). For instance, it is well known that the SNARC effect, employed by Zhou et al. (2008) to detect componential processing, is easily affected by task and stimuli demands (e.g., Fias & Fischer, 2005) . On the contrary, our support for componential processing is based on the finding of a robust interference effect caused by the automatic detection of an arithmetic progression. It should also be taken into account that other differences across experiments that could be responsible for the discrepancy between their data and ours exist. First, two cues are presented in our experiments while only one is usually presented in comparison tasks. Second, different intervals between cues and probes were studied: < 250 ms elapsed between cues and probes in our experiments, while 1,000 and 1,500 ms elapsed in GanorStern et al. and Zhou et al. studies . The impact of these differences in the finding of differences should be clarified in future research.
In any case, evidence of componential processing in the present experiments was obtained in circumstances that did not favor compositional processing, i.e., using serial presentation and employing only between-decade comparisons. These suggest that the NMT and the interference paradigm provide a robust measure to explore how numbers are represented. Our data point out clearly that serial presentation does not imply the exclusive use of holistic representations; when paradigms with enough sensitivity are used, markers of componential representation can be demonstrated. In fact, our data are in line with recent research that employed tasks different from the usual comparison task. Szücs and Soltész (2010) used a verification task where participants had to judge whether the number in the display was the solution to the addition previously presented (e.g., 5300 + 400 = 5700). They showed that, in incorrect conditions, both EEG and reaction times data differ between stimuli that share numbers in different position (e.g., 5070) and stimuli that share less numbers (e.g., 5080; see García-Orza & Perea, 2011, for similar results using a same-different matching task with masked priming; see also Gazzellini & Laudanna, 2011 (this issue) ).
Finally, the paradigm employed allows us to manipulate the SOA and, hence, to explore whether the representation of the constituent digits changes during the initial stages of two-digit number processing. Data suggest that componential processing takes place early in processing (i.e., when the 144 ms SOA was employed) and remains at least till the ending of the time window for automatic processing (around 240 ms). Consequently, although the role of the temporal interval between the stimuli to be compared should be a matter of future research, in principle, our results do not support the idea defended by Zhou et al. (2008) . They argued that as time passes, the compositional representation might be substituted by a holistic representation that would be stored in short-term memory. Although we cannot discard that later on in processing componential representation disappears, our data suggest that during the early stages of processing a compositional representation is built and temporally stored in our memory.
In summary, our data add to those that have found support for a componential view, but also point out the relevance of the procedures employed in exploring this relationship. Our experiments clearly show that, if a procedure with enough sensitivity is employed, componential processing can be found even under unfavorable conditions.
